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FluidityMolecular dynamics (MD) calculations for the plasma membranes of normal murine thymocytes and thymus-
derived leukemic GRSL cells in water have been performed under physiological isothermal–isobaric conditions
(310.15 K and 1 atm) to investigate changes in membrane properties induced by canceration. The model mem-
branes used in our calculations for normal and leukemic thymocytes comprised 23 and 25 kinds of lipids, respec-
tively, including phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine, phosphatidylinositol,
sphingomyelin, lysophospholipids, and cholesterol. The mole fractions of the lipids adopted here were based on
previously published experimental values. Our calculations clearly showed that the membrane area was in-
creased in leukemic cells, and that the isothermal area compressibility of the leukemic plasma membranes was
double that of normal cells. The calculatedmembranes of leukemic cellswere thus considerably bulkier and softer
in the lateral direction comparedwith those of normal cells. The tilt angle of the cholesterol and the conformation
of the phospholipid fatty acid tails both showed a lower level of order in leukemic cellmembranes comparedwith
normal cellmembranes. The lateral radial distribution function of the lipids also showed amore disordered struc-
ture in leukemic cellmembranes than innormal cellmembranes. These observations all show that, for the present
thymocytes, the lateral structure of the membrane is considerably disordered by canceration. Furthermore, the
calculated lateral self-diffusion coefﬁcient of the lipid molecules in leukemic cell membranes was almost double
that in normal cell membranes. The calculated rotational and wobbling autocorrelation functions also indicated
that the molecular motion of the lipids was enhanced in leukemic cell membranes. Thus, here we have demon-
strated that the membranes of thymocyte leukemic cells are more disordered and more ﬂuid than normal cell
membranes.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Lipids are the fundamental components of cell membranes [1]. They
formbilayers (i.e. the basic structures of the plasmamembranes of cells)
spontaneously inwater. A huge number of experimental and theoretical
investigations have been performed to study lipid bilayers from a bio-
logical viewpoint [2–6], covering awide range of physicochemical prop-
erties. The static properties of lipid bilayers, ranging from microscopic
structure tomacroscopic phase behavior, as well as their dynamic prop-
erties, frommolecular motion tomacroscopic transportation, have been
investigated in detail.
However, the target systems of those investigations were not real
plasma membranes; rather, in most cases, they were model mem-
branes. These are lipid bilayers containing a single component – such
as pure 1,2-dipalmitoyl-phosphatidylcholine (DPPC), 1,2-dimyristoyl-
phosphatidylcholine (DMPC), and 1-palmitoyl-2-oleoyl-phosphatidyl-
choline (POPC) – or, at most, two or three components—such as aOkazaki).
rights reserved.mixture of phosphatidylcholine and cholesterol. Thus, despite the
large number of investigations that have been performed on model
membranes, little is known about the physicochemical properties of
real plasma membranes.
A variety of lipids have been found as components of mammalian
plasma membranes [1]. These lipids may be classiﬁed roughly into
three categories. The ﬁrst one includes glycerophospholipids. Glycero-
phospholipids can be divided further according to their head group
into several species, such as phosphatidylcholine (PC), phosphati-
dylethanolamine (PE), phosphatidylserine (PS), and phosphatidyl-
myo-inositol (PI). Furthermore, each of these species exhibits variability
in its tail group, i.e. two acyl groups bonded to the glyceryl group. The
acyl chains exhibit variations in length and the number and locations
of double bonds. The physicochemical properties of the phospholipid bi-
layers depend greatly on these head groups and tail chains. The second
category includes sphingolipids. In most plasma membranes, these are
represented by sphingomyelin (SM). The third category is cholesterol.
Cholesterol, with its rigid steroid ring, functions to order the sn−1 and
sn−2 saturated acyl chains of the surrounding phospholipids and
sphingolipids when added to the lipid bilayers in the ﬂuid phase.
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acyl chains of the surrounding phospholipids, leading the system to
enter the ﬂuid phase. This effect is generally found among phospho-
lipid–cholesterol binary systems, regardless of the degree of unsaturation
of the sn−2 tail [7–9]. Thus, cholesterol is considered to play a very im-
portant role in the formation of real plasma membranes.
The lipid composition of plasma membranes depends greatly on cell
type [1]. In other words, the cells acquire necessary properties for their
membranes by controlling their lipid components. Furthermore, it is
very interesting that the ratio of the component lipids of plasma mem-
branes differs signiﬁcantly between normal and cancerous cells [10–17].
In a series of investigations started in the 1960s [18], the concentrations
of component lipids – i.e. glycerophospholipids, sphingomyelin, and cho-
lesterol – aswell as themole fractions of the constituent head groups and
tail chains have been measured individually in various mammalian cells,
including human [10,14],mouse [12,16,17], and rat [11,13,15] cells. In ad-
dition, the concentrations of these components in normal cells have been
comparedwith those found in cancerous cells. The trend of variations de-
pends greatly on the cell species. However, common trends have been
found within individual cell species, independent of the mammals. Inter-
esting observations have been made regarding these changes in the con-
centrations of membranes' constituent lipids.
A detailed analysis of these variations in normal and leukemic thymo-
cytes has been reported [10,14–17]. One essential change induced by
canceration is the decrease in the concentration of cholesterol. For exam-
ple, van Blitterswijk et al. [17] reported that the ratio of cholesterol to total
phospholipids (C/PL ratio) was as low as 0.32 (24.2 mol%) in leukemic
murine thymocyte membranes, whereas it was 0.74 (42.5 mol%) in nor-
malmurine cells. Similar observations of a decrease in cholesterol concen-
tration have been made for other species of mice and rats. Furthermore,
the head groups of the component phospholipids of thymocytes have
been analyzed in detail [16,17]. In particular, themole fractions of various
glycerophospholipids (such as PC, PE, PS, and PI), lysophospholipids
(lyso-PC and lyso-PE), and sphingolipids (SM) have beenmeasured. A re-
markable increase in PE was observed in leukemic mouse cells. In most
cases, a decrease in SM was also found.
A detailed measurement of the lengths of the alkyl tail chains and
of the number of unsaturated bonds has also been performed. This
analysis revealed a notable decrease in the concentration of saturated
tail chains in the membranes of leukemic cells: from 59.3 mol% to
44.0 mol% [17].
The changes in a membrane's lipid composition described above
must cause a considerable change in its physicochemical properties.
This is very interesting not only from the physical chemistry point
of view but also from pharmaceutical and physiological perspectives.
However, the physical properties of cancerous cell membranes have
rarely been compared with those of normal cell membranes because
of the level of difﬁculty of the required experiments.
One of the very few such investigations performed to date was the
measurement of ﬂuorescence depolarization in normal and cancerous
cell membranes [19–21]. Petitou et al. [19] and van Blitterswijk et al.
[20] measured the relaxation of ﬂuorescence in normal and leukemic
human and mouse thymocyte membranes using a diphenylhexatriene
(DPH) probe. Those authors reported an increase in an experimental
parameter called microviscosity –which is related to the rotational dif-
fusion of the probe molecule – in leukemic cell membranes. Koizumi et
al. [16] reported a similar observation in murine thymocyte mem-
branes. In addition to microviscosity, van Blitterswijk et al. [21] investi-
gated the orientational order parameter SDPH [22] of the DPH molecule
in membranes. The values of SDPH for normal thymocyte and GRSL plas-
ma membranes were 0.71 and 0.62, respectively [21]. The decrease in
SDPH indicates that the DPHmolecule is orientationallymore disordered
in leukemic plasma membranes than in normal cell membranes. These
observations have been discussed in relation to the ﬂuidity of themem-
branes. Thus, a description that leukemic cellmembranes aremore ﬂuid
than normal cell membranes has been used customarily [19–21].These ﬁndings are very interesting. However, the measurements are
not related to the membranes themselves; rather, they pertain to a
probe molecule. The indirect nature of the measurements causes some
ambiguity in their interpretation. Therefore, a direct measurement of
membrane ﬂuidity is essential. Furthermore, in addition to membrane
ﬂuidity, it would be rewarding to obtain a new molecular picture of
the structure and dynamics of normal and cancerous cell membranes.
Recently, based on the rapid progress of supercomputers, molecular
dynamics (MD) calculations over long time periods (i.e. more than
100 ns) have been becoming popular, even for very large and complex
systems (including real plasma membranes). Calculations at this time
scale allow the investigation of the structure and dynamics of mem-
branes, such as lipid–lipid lateral distribution functions and the lateral
self-diffusion constant of the lipid molecules [23–26]. Several theoreti-
cal investigations have been reported regarding lipid bilayers [27–35].
However, most of them were concerned with single-component mem-
branes or, at most, membranes with a few components, targeting raft
formation. To the best of our knowledge, no theoretical investigation
has been reported for real plasma membranes, with the exception of
the very few studies that aimed to model real plasma membranes
using only four or six types of component lipids [36,37].
In the present study, MD calculations based on the newest all-atom
lipid force ﬁeld, CHARMM36 [38], were performed for normal and leu-
kemic murine thymocyte membranes, to clarify at a molecular level
the changes in the physical properties of the membranes induced by
canceration. The lipid compositions of cell membranes adopted for the
present calculations were the experimentally determined compositions
described previously [17], which included 23 and 25 species of compo-
nent lipids for normal and leukemic thymocyte membranes, respective-
ly. Molecular trajectorieswere analyzed for as long as 200 ns to evaluate
the static properties of the membranes, such as the lateral structure and
order parameters, as well as dynamic properties related to ﬂuidity, such
as the lateral self-diffusion constant andwobblingmotion. In this paper,
after the description of our models and calculations in Section 2, both
the static and the dynamic properties of the membranes are compared
between normal and leukemic thymocytes in Section 3. We provide
our conclusions in Section 4.
2. Calculations
In the present study, MD calculations for the normal and leukemic
thymocyte plasma membranes were performed to investigate changes
in membranes' physical properties induced by canceration. In this sec-
tion, we describe the details of the model systems investigated here
and of the MD calculations used to analyze them.
2.1. Model systems
We modeled normal and leukemic thymocyte plasma membranes
according to their experimentally determined chemical composition
[17]. Although the mole fractions of the component lipids depend to
some extent on the mammalian species, the trend of changes in mem-
brane composition is common. In the present study, normalmurine thy-
mocytes and leukemic GRSL cellswere used, because a detailed chemical
analysis of the lipid compositions of these two types of membranes has
been performed previously [17]; therefore, they can be reconstructed
in a computer.
We constructed our model systems such that three experimentally
known properties of the membranes' lipid compositions were re-
produced. The ﬁrst known property was the molar ratio of cholesterol
to total phospholipids. The second was the head group mole fractions,
in which the phospholipids PC, PE, PS, PI, SM, lyso-PC, and lyso-PE
detected experimentally were all considered. The third was the fatty
acid residues of lipids.
The simulation box used in the present calculations contained 64
lipid molecules per leaﬂet. The lipid compositions of the normal and
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mental values. The mole fractions of cholesterol for the normal thymo-
cyte plasma membrane (42.2 mol%) and leukemic GRSL membrane
(23.4 mol%) obtained in the present calculation are comparable to the
experimental values of 42.5 mol% and 24.2 mol% [17], respectively. The
mole fractions of PC, PE, PS, PI, SM, lyso-PC, and lyso-PE in the present
system were the same as the experimental values. For the two parame-
ters mentioned above, differences stem only from rounding the values
to integers. Here, the derivative of C18-sphingosine with a head group
of phosphocholine was adopted for SM. As PS and PI are monovalent an-
ionic phospholipids, the same number of Na+ ions was introduced as
counterions. The fatty acid residues of the phospholipid tails were deter-
mined on the basis of general knowledge of biological membranes
[1,2,3,4]. The details are described in the Supplementary material.2.2. Molecular dynamics calculations
Three 200-ns-long independent MD calculations were performed for
both normal and leukemic thymocyte plasma membranes (six calcula-
tions in total). The fully ﬂexible MD unit cell contained 128 lipid mole-
cules, as shown in Table 1, and 3200 water molecules on both sides of
the bilayer. The trajectories started from independent initial conﬁgura-
tions in which the lipid molecules were mixed randomly. The CHARM
M36 force ﬁeld [38]was adopted for PC andPE. For PS andPI, the param-
eters for the head group, i.e. serine and inositol, were imported from the
CHARMM parameter set: CHARMM22 for proteins and CHARMM35 for
sugar-related molecules [39]. This is the standard procedure for settingTable 1
Model and experimental lipid compositions of normal and leukemic cell membranes. Nlip is
the number of lipid molecules, and Ntail is the number of fatty acid tails. Details of the phos-
pholipid tails are given in Table S1 in the Supplementary material.
Normal thymocyte plasma
membrane
Leukemic GRSL cell plasma
membrane
Nlip mol% Nlip mol%
Lipid composition Present
calculation
Experiment
[17]
Present
calculation
Experiment
[17]
PC 38 29.7 29.9 48 37.5 37.9
PE 14 10.9 10.9 28 21.9 22.0
PS 8 6.3 5.3 10 7.8 7.4
PI 4 3.1 3.5 6 4.7 4.9
Lyso-PC 2 1.6 2.0 4 3.1 2.4
Lyso-PE 2 1.6 1.3 2 1.6 2.0
SM 6 4.7 4.4 0 0.0 0.7
CH 54 42.2 42.5 30 23.4 24.2
Ntail mol% Ntail mol%
Degree of
unsaturation
Present
calculation
Experiment
[17]
Present
calculation
Experiment
[17]
Saturated 86 62.3 59.3 86 45.3 44.0
Monounsaturated 20 14.5 16.3 38 20.0 19.9
Polyunsaturated 32 23.2 22.7 66 34.7 36.1
Length of the tail Present
calculation
Experiment
[17]
Present
calculation
Experiment
[17]
14 0 0.0 0.0 2 1.1 1.5
16 56 40.6 38.8 42 22.1 22.6
18 60 43.5 41.4 118 62.1 57.4
20 14 10.1 9.3 20 10.5 9.1
22 8 5.8 6.1 8 4.2 3.8
Total number of
lipid species
23 25
Number of water
molecules
6400 6400
Number of Na+
ions
12 16
Total number of
atoms
32,826 34,176up the potential parameters of many lipid molecules. For SM, the pa-
rameters for the backbone were imported from a previous report [40],
while keeping the other parameters identical to those of CHARMM36.
For cholesterol, the CHARMM27-based potential model described by
Pitman et al. [31] was adopted. The rigid TIP3P and Na+ potential
models [41,42] listed in the standard CHARMM36 topology ﬁle were
adopted for water and the Na+ counterions, respectively. According to
the original CHARMM36 paper [38], the Lennard–Jones interaction
was cut off at 12 Å by applying a switching function from 8 to 12 Å.
The long-range Coulombic interaction under the three-dimensional
periodic boundary conditions was calculated using the particle mesh
Ewald (PME) method [43,44] with a relative error in forces of 10−5.
To reproduce the hydrostatic pressure of the system, all production
MD runs were carried out in the isothermal and isobaric (NPT) ensem-
ble with full MD unit cell ﬂuctuations. The hydrostatic pressure P and
temperature T were ﬁxed at 1 atm and 310.15 K using the Parrinello–
Rahman [45] and Nosé–Hoover chain [46–48] methods, respectively.
The time constants of the thermostat and barostat were chosen to be
0.5 ps and 1.0 ps, respectively. Newton's equations of motion for each
atom were numerically solved using the RESPA method [49,50]. The
single time interval of the numerical integration, Δt, was set at 2 fs,
constraining the length of chemical bonds relevant to hydrogen atoms
via SHAKE/ROLL and RATTLE/ROLL [50]. The whole calculation was ex-
ecuted using our originally developed MD software package MODYLAS.
After the potential energy minimization of the initial conﬁguration,
velocity scaling was applied to raise the system temperature stepwise
to 310.15 K. Subsequently, a 200 ns production run in the NPT ensem-
ble with full MD unit cell ﬂuctuations was performed for the two sys-
tems, i.e. normal and leukemic membranes. Three independent runs
using different initial conﬁgurations were performed for each system,
and the results were averaged to give the calculated values of mem-
branes' physical properties.
3. Results and discussion
3.1. Structural properties
3.1.1. Convergence
In the study of lipid bilayers, the convergence of the system from an
initial conﬁguration to the equilibrium conﬁgurationmust be examined
ﬁrst, as the convergence is very slow compared with other small-
molecule systems. Fig. 1 shows six trajectories of the membrane area
S, starting from three independent initial conﬁgurations each for the
normal and leukemic cell membranes. In both systems, a slow increase
in S for the ﬁrst 20 ns was found. The area converged well to the equi-
librium values that are characteristic of the two systems within 50 ns.
Subsequently, it ﬂuctuated around the equilibrium values, reﬂecting
isothermal compressibility.
Table 2 lists the geometric properties of the MD unit cell and the
lipid bilayer averaged over the last 150 ns. h and V are the height
and volume of the MD unit cell, respectively, while hl and Vl are the
height and volume of the lipid bilayer, respectively. hl was deﬁned
by the z-distance between the averaged positions of the phosphorus
atoms in two leaﬂets of the bilayer, and Vl was the product of S and
hl. The error in the table corresponds to the difference between max-
imum and minimum values calculated in the three independent MD
runs. The very small error values found in the table imply that the
MD calculations were independent of the initial conﬁgurations and
that the sampling in the conﬁguration space was satisfactory.
The table shows that canceration led to an increase in themembrane
area S of the MD unit cell of about 20%. This was a considerable change.
This change, of course, stems from the change in the lipid composition
of the membrane. First, cholesterol decreased from 42.2 mol% for nor-
mal cell membranes to 23.4 mol% for leukemic cell membranes in our
calculation. Second, this decrease was compensated by the increase in
the number of unsaturated tails, from 52 in two leaﬂets in the MD
2000
2500
3000
3500
4000
0 50 100 150 200
S 
/ Å
2
Runtime / ns
Fig. 1. Convergence of the membrane area. Note that calculations using three indepen-
dent initial conﬁgurations were performed for each membrane. Red, blue, and green:
normal thymocyte plasma membrane. Black, cyan, and purple: leukemic GRSL cell
plasma membrane.
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branes. By contrast, the number of saturated tails did not vary between
the two types of membranes (86 for both).
The decrease in the small cholesterol molecules, compensated by
the increase in the large unsaturated lipid molecules, must bring
about an increase in the membrane area. Furthermore, the decrease
in cholesterol, which orders the lipid conformation, causes a decrease
in the level of order of the lipids, as shown later. The increase in un-
saturated lipids also decreases the level of order of the lipid confor-
mation, which contributes to the increase in the molecular area.
The table also shows that leukemic cell membranes became thinner
than the normal cell membranes (by 7%). Qualitatively, this ﬁnding is
consistent with the increase in the membrane area discussed above,
as an increase in area necessarily results in a decrease in thickness if
the density (or volume) remains unchanged. However, quantitatively,
the change in thickness observed (7%) was small compared with the
change in membrane area (20%). In the present case, the lengths of
the acyl tails of the lipids also changed. In leukemic cell membranes, a
greater concentration of lipids with longer acyl chains was found com-
pared with normal cell membranes, as shown in Table S1 in the Supple-
mentary material. The long tails of the lipids found in leukemic cell
membranes compensated for the low conformational order found
there, which resulted in the smaller change in the membrane thickness
than what was expected based on the change in the membrane area.
The large membrane area and low conformational order observed
must reﬂect a loosely packed structure, which must be closely related
to the ﬂuidity of the membranes.
It would be interesting to observe membrane structure directly.
Fig. 2 shows the snapshots of normal and leukemic cell membranes
obtained from the present MD calculations. They show clearly thatTable 2
Calculated structural membrane properties averaged over the last 150 ns. The error
corresponds to the difference between maximum and minimum values calculated in
the three independent MD calculations.
Normal membrane Leukemic membrane
S/103 Å2 2.82±0.03 3.38±0.02
h/Å 112±1 97.9±0.6
hl/Å 45.6±0.4 42.3±0.2
V/105 Å3 3.15±0.01 3.31±0.01
Vl/105 Å3 1.28±0.01 1.43±0.01
χTS/m2 J−1 1.9±0.9 3.8±1.1
χTV/10−9m3 J−1 0.56±0.01 0.56±0.01
χVlT =10
−9 m3 J−1 1.7±0.4 2.1±0.2the present model systems were signiﬁcantly more complex than the
membranes with just one or a few components conventionally used in
MD calculations.
It is immediately apparent from the ﬁgure that the MD unit cell
was wider in leukemic cell membranes compared with normal cell
membranes; i.e. the membrane area was greater in the former than
in the latter. Furthermore, it should be noted that the membrane
structure was more disordered in leukemic cell membranes than in
normal cell membranes. We examine these very interesting observa-
tions quantitatively in the following sections.
3.1.2. Compressibility
The ﬂuctuation of the MD unit cell constant provides further infor-
mation on the softness of the membrane. The isothermal area com-
pressibility χTS under a given hydrostatic pressure may be calculated
by:
χST ¼
1
kBT
ΔSð Þ2
D E
N;P;T
Sh iN;P;T
; ð1Þ
where kB is the Boltzmann constant, bS> is the average S value, and
b(ΔS)2>=b(S−bS>)2> is theﬂuctuation of S. In a similarway, the iso-
thermal volume compressibilityχTV and that of the lipid bilayer itselfχ
Vl
T
were calculated by the ﬂuctuations of V and Vl, respectively. Table 2 also
lists the calculated values of these compressibilities, where the ﬂuctua-
tions were evaluated for each 150 ns trajectory. The small errors listed
in the table clearly indicate a good correspondence among the three tra-
jectories calculated for each system. It was very interesting to ﬁnd a
quantitative difference between normal and leukemic cell membranes.
TheχTS value of leukemic cellmembraneswas double that of normal cell
membranes, indicating that the former are much softer than the latter
in the lateral direction.
The calculated χTS value for leukemic cell membranes, 3.8 m2 J−1,
was comparable to that calculated for pure PC bilayers in the liquid
crystalline phase, i.e. 4.0 m2 J−1 for DPPC [51] and 3.5 m2 J−1 for
SOPC [52]. Leukemic cell membranes are, thus, as soft as pure PC bi-
layers without cholesterol. Conversely, the calculated χTS value for
normal cell membranes, 1.9 m2 J−1, was similar to that calculated
for ternary lipid bilayers containing cholesterol at 305–308 K, i.e.
1.6 m2 J−1 for DOPC:SM:CHOL=1:1:1 [52]. This ternary system is
in one uniform liquid phase, with lower ﬂuidity than that of the liquid
crystalline phase [53].
By contrast, no obvious difference is found in χTV and χ
Vl
T between
the two systems. The volume compressibility of the membranes, χVlT ,
was much greater than the bulk volume compressibility of water,
0.44×10−9m3J−1, at 310.15 K and 1 atm [54], indicating that the
bilayers were quite soft in the solution.
3.1.3. Electron density proﬁle
A series of structural analyses of the lipid bilayerwere also performed.
First, the distribution of atoms along the normal to the bilayer (the z-axis)
and the resultant electron density proﬁle were investigated. Fig. 3 shows
the electron density proﬁle along the z-axis, ρe(z), where the origin of z is
taken to be the center of mass of the lipid bilayer. The distribution was
almost symmetric with respect to z=0 Å for both systems. However, a
clear difference in ρe(z) was found between normal and leukemic cell
membranes. First, the peaks of ρe(z) were found at |z|=21 Å in leukemic
cell membranes. By contrast, these peaks were found at |z|=23 Å in nor-
mal cell membranes. This clearly indicates that the membrane becomes
thinner with canceration, which corresponds well to the observations of
hl discussed above. Second, the density function of leukemic cell mem-
branes had humps in the region |z|=8 Å∼16 Å, whereas that of normal
cell membranes had no clear humps in the same region. Furthermore, it
was interesting toﬁnd that thewell at z=0 Åwas shallower for leukemic
cell membranes than for normal cell membranes. This indicates that the
A B
Fig. 2. Snapshots of the equilibrated (A) normal and (B) leukemic cell membranes from the present MD calculations at t=200 ns.
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1263Y. Andoh et al. / Biochimica et Biophysica Acta 1828 (2013) 1259–1270level of order of the tails of leukemic cell membranes is low compared
with that of normal cell membranes.
It would be interesting to identify theparameters that contribute sig-
niﬁcantly to the peaks and humps described above. In Fig. 4A, ρe(z) was
divided according to the contributions from the various types of atoms
in the total system. In the ﬁgure, it can easily be seen that the higher
peaks observed around |z|=23 Å for normal membranes in Fig. 3
came mainly from the oxygen and phosphorus atoms of the lipids (the
cyan and black lines, respectively). By contrast, the humps observed
for |z|=8 Å∼16 Å in Fig. 3 were caused by the carbon atoms of the
lipids (green lines). Furthermore, in Fig. 4B, the distribution of carbon
and oxygen atoms was divided according to the contributions from
phospholipids and cholesterol molecules. The ﬁgure clearly shows that
the humps observed for |z|=8 Å∼16 Å were from the cholesterol ste-
roid ring (yellow-green lines). Here, normal cell membranes contained
1.8 times more cholesterol than leukemic cell membranes.
Another point worthy of note was the shift in the water oxygen elec-
tron density observed in leukemic cell membranes to a smaller |z| in the
range of |z|=12 Å to 30 Å (gray dotted and solid lines). This stemmed
from the fact that, as discussed above, the cell membrane becomes thin-
ner by 3.3 Å with canceration.
3.1.4. Tilt
The experimental order parameter SDPHwas smaller for leukemic cell
membranes than for normal cell membranes: 0.62 versus 0.71 [21]. This
indicates that the tilt angle distribution of the probe DPH is broader in
the former than in the latter. Although the probe DPH was not included
in the present study, the level of order of the molecular alignment may
be discussed directly by examining the tilt angle distribution of choles-
terol. The steroid ring skeleton of cholesterol and DPH molecule are of
similar size and rigidity. The tilt angle θtilt may be deﬁned as the angle
between the z-axis and the vector connecting steroid carbons 3 and 17
(see the inset in Fig. 5).0.0
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Fig. 3. Calculated full electron density proﬁles. Solid line, normal thymocyte plasma
membrane; dotted line, leukemic GRSL cell plasma membrane.Fig. 5 shows the calculated probability distribution P(cos(θtilt)).
The function had an exponential form and showed a maximum at
cos(θtilt)=1.0, which means that cholesterol molecules were aligned,
on average, parallel to phospholipid molecules, with their hydroxyl
groups orienting toward thewater phase. The function obtained for leu-
kemic cell membranes exhibited a lower peak at cos(θtilt)=1.0 with a
greater width than the one obtained for normal cell membranes. This
clearly indicates that the cholesterol molecule is more tilted and that
its orientational order is lower in leukemic cell membranes than in
normal cell membranes.
Furthermore, the calculated order parameter,
Schol ¼
1
2
3 cos2θtilt−1
  
; ð2Þ
for cholesterol was 0.88 and 0.79 for normal and leukemic cell mem-
branes, respectively. The decrease in the value of Schol was in good
agreement with the experimental result stated above for the probe-40 -30 -20 -10 0 10 20 30 40
z / Å
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 / n
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Fig. 4. Calculated partial electron density proﬁles for the normal thymocyte plasma
membrane (solid line) and the leukemic GRSL cell plasma membrane (dotted line).
Panel A represents the contributions from the various types of atoms: carbon
(green), hydrogen (blue), nitrogen (purple), oxygen (cyan), and phosphorus (black)
in the lipid molecules; hydrogen (orange) and oxygen (gray) in water; and sodium
ions (red). In Panel B, the contributions of the atoms in the phospholipid molecules
and those in the cholesterol molecules are presented separately: carbon (dark green)
and oxygen (dark sky blue) in the phospholipids; and carbon (yellow-green) and oxygen
(cyan) in cholesterol.
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spectively, implying that the present calculations reproduced the
real systems satisfactorily. Further analysis is given in Section 3.2.2
in relation to the wobbling dynamics of cholesterol.
3.1.5. Conformational order of the tails
Next, to investigate the conformational order of the lipids, the C–H
order parameter SCH was calculated for the acyl tails. Usually, the calcu-
lated SCH is presented as a function of the number of carbons in each sn
chain of the lipid molecule of interest. However, in the present case, our
system included more than 20 types of phospholipids, and so the con-
ventional presentation did not work well. Thus, we obtained an order
parameter proﬁle as a function of z, SCH(z), without distinguishing
among different phospholipids:
SCH zð Þ ¼
1
2
3 cos2θ zð Þ−1
D E
: ð3Þ
Here, θ(z) is the angle between the normal to the bilayer and the
C–H vector located at z.
The calculated order parameter proﬁle SCH(z) is presented in Fig. 6.
Theﬁgure clearly shows that the order parameter obtained for leukemic
cell membranes was much smaller than that obtained for normal cell
membranes. This implies that the conformational order of the mem-
brane decreased signiﬁcantly with canceration.
To investigate the behavior of the order parameter in greater detail,
the proﬁle was calculated as a function of the degree of unsaturation n
of the acyl chain, SCHn (z). The results of this calculation are presented
in Fig. 7A from n=0 to 6 for phospholipids. From Fig. 7A, ﬁrst, it can
clearly be seen that the saturated tail (red) showed a peak at the center
of the leaﬂet, whereas tails with one or more double bonds (other
colors) mostly exhibited peaks that were shifted to the upper part of
the leaﬂet. The main peak of the total SCH(z) in Fig. 6 came from these
peaks. Here, it should be noted that the values of the order parameter
SCH
n (z) shown in Fig. 7A were all smaller for leukemic cell membranes
than for normal cell membranes. Furthermore, the order parameter be-
came smaller as the degree of unsaturation increased.0.0
0.1
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Fig. 5. Calculated tilt angle distribution of cholesterol. The tilt was deﬁned by the angle
between the normal to the bilayer normal and the vector connecting steroid carbons 3
and 17. Open circles, normal thymocyte plasma membrane; closed circles, leukemic
GRSL cell plasma membrane. Error bars represent the standard errors (68% conﬁdence
intervals) estimated from six independent leaﬂets.In addition, itwas interesting that SCH2 (z), SCH3 (z), and SCH5 (z) had an ad-
ditional peak at z=5 Å in normal cell membranes. The order parameter
proﬁle for the C–H vector in the tail of cholesterol, which is presented
in Fig. 7B, also had a peak at z=5 Å. This correlation between the two
peak positions indicates that the cholesterol tail chain has the ability to
enhance the order of the surrounding polyunsaturated phospholipid tail
chains when lipid molecules are densely packed in the lateral direction.
Thus, the order parameter SCHn (z) values in Fig. 7A were all smaller
for leukemic cell membranes than for normal cell membranes. Fur-
thermore, the level of order decreased as the degree of unsaturation
increased. The decrease in the level of order of the component lipids
together with the increase in the concentration of unsaturated lipids
in leukemic cell membranes resulted in the noticeable decrease in
the total conformational order of the membrane.
3.1.6. Lateral structure
The lateral structure of a lipid bilayer may be evaluated by the
two-dimensional lateral radial distribution function on the x–y plane.
We calculated two kinds of lateral radial distribution functions. The
ﬁrst one was for the center of mass of each lipid molecule, g2Dtotal(r), in
which the species of lipidswere not distinguished. The secondwas a lat-
eral radial distribution function calculated between the center ofmass of
the cholesterol steroid ring and that of the phospholipid acyl tail. Here,
acyl tails were classiﬁed into three categories according to their degree
of unsaturation: saturated tails, tails with one double bond, and tails
with more than one double bond. Thus, three partial radial distribution
functions (g2D0 (r), g2D1 (r), and g2Dp (r)) were calculated, for the cholesterol
steroid ring-saturated tail, cholesterol steroid ring-monounsaturated
tail, and cholesterol steroid ring-polyunsaturated tail pairs. The calculat-
ed functions are presented in Figs. 8 and 9 for the total distribution func-
tion g2Dtotal(r) and for the partial distribution functions g2D0 (r), gm2D1 (r), and
g2D
p (r), respectively. The former represents the total level of order of the
membranes, whereas the latter indicates the particular correlations be-
tween the steroid ring of cholesterol and the surrounding saturated and
unsaturated lipid tails.
Fig. 8 shows averaged g2Dtotal(r) values over three independent MD
runs for normal and leukemic cell membranes. A clear difference was
found between the two types of membranes. For normal cell mem-
branes, the function showed oscillatory behavior, with at least three
peaks and wells. By contrast, for leukemic cell membranes, only one
peak (followed by a shoulder) was found. The ﬁrst peak was lower
and broader for the latter than for the former membrane. Moreover, a
structural correlation beyond the ﬁrst solvation shell was little found.
This indicates that the lateral structure of leukemic cell membranes is
disordered compared with that of normal cell membranes.
Next, the calculated partial distribution functions g2D0 (r), g2D1 (r),
and g2Dp (r) are presented in Fig. 9. In contrast to the total distribution
function shown in Fig. 8, g2Dtotal(r), the partial distribution functions0.0
0.1
0.2
0.3
0.4
0.5
-40 -30 -20 -10 0 10 20 30 40
S C
H(z
)
z / Å
Fig. 6. CalculatedC–Horder parameter proﬁle for the phospholipid tails. Solid line, normal
thymocyte plasma membrane; dotted line, leukemic GRSL cell plasma membrane. Error
bars represent the difference between the minimum and maximum values of three inde-
pendent MD runs.
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Fig. 7. Calculated C–H order parameter proﬁles for the normal thymocyte plasma
membranes (solid line) and the leukemic GRSL cell plasma membranes (dotted line).
Panel A presents the proﬁles for saturated and unsaturated phospholipid tails with n
double bonds: red, n=0; green, n=1; blue, n=2; purple, n=3; orange, n=4; cyan,
n=5; and black, n=6. Panel B shows the proﬁles for cholesterol. Dark green: methyl
group at carbons 18 and 19. Brown: methyl, methylene, and methine groups at the hy-
drocarbon tail of cholesterol. Negative z values indicate the opposite side of the leaﬂet.
Error bars represent the standard errors estimated from six independent leaﬂets.
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Fig. 9. Lateral radial distribution function calculated between the center of mass of the
cholesterol steroid ring and that of the phospholipid acyl tail. Panels A, B, and C repre-
sent the functions for the saturated tails g2D0 (r), monounsaturated tails g2D1 (r), and
polyunsaturated tails g2Dp (r), respectively. Solid line, normal thymocyte plasma mem-
brane; dotted line, leukemic GRSL cell plasma membrane. Error bars represent the
standard errors estimated from six independent leaﬂets.
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This indicates that there is a long-range structural correlation be-
tween the cholesterol ring and lipid tails and that the structural or
packing unit of the membranes is not a pair of acyl tails; rather, it
seems to be one acyl tail. The ﬁrst peak was located at r=5.5∼6.0 Å
for all functions. This was clearly one of the origins of the ﬁrst peak
of the total radial distribution function shown in Fig. 8. The more dis-
ordered packing structure of both saturated and unsaturated tails
around cholesterol shown in Fig. 9 caused the low and broad ﬁrst0.0
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Fig. 8. Calculated lateral radial distribution function of the center of mass of the whole
lipid molecule. Solid lines, normal thymocyte plasma membrane; dotted lines, leuke-
mic GRSL cell plasma membrane. Averages were taken over three MD runs. Error
bars represent the standard errors estimated from six independent leaﬂets.peak of the total radial distribution function for leukemic cell mem-
branes shown in Fig. 8.3.2. Membrane ﬂuidity
Fluidity is one of the most important physical properties of mem-
branes. However, in general, the meaning of ﬂuidity depends on the
experiment used to examine it [4]. Conventionally, in the ﬁeld of mem-
brane chemistry, ﬂuidity has been discussed in terms of microviscosity,
which has been deﬁned in relation to the rotational relaxation time of a
ﬂuorescent probe molecule measured using a ﬂuorescent depolariza-
tion experiment. Unfortunately, however, this is an indirect observation
of the ﬂuidity of the membranes themselves.
Recently, it has been proposed that membrane ﬂuidity should be
discussed from two different viewpoints [4], namely the translational
degrees of freedom and other degrees of freedom of the lipid molecules
themselves. The former may be represented, for example, by the self-
diffusion coefﬁcient, and the latter by the rotational relaxation time of
the lipids. For the latter, of course, the ﬂip-ﬂop motion of the lipids was
excluded in the present analysis. Here, the molecular rotation around
the long axis of the lipidmolecules andwobbling were both investigated.
In the following section, the translational and rotational dynamics of
the lipid molecules are analyzed in detail in normal and leukemic cell
membranes.
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Typical examples of the lateral trajectory of the center of mass of the
lipid molecules are presented in Fig. 10. The 150-ns-long trajectories
clearly showed the lateral self-diffusion of the molecules, demonstrating
that the calculated normal and leukemic cell membranes are both in the
ﬂuid phase. In addition, in the ﬁgure, it can easily be seen that the lipid
moleculesweremoremobile in leukemic cellmembranes than in normal
cell membranes, as is discussed quantitatively later based on the mean
squared displacement, and that the exchange of molecular positions
was more frequently observed in the former type of membrane.
The lateral self-diffusion coefﬁcient, DL, may be calculated as follows:
DL ¼ limt→∞
jΔR→xy tð Þj2
 
4t
; ð4Þ
where ΔR
→
xy tð Þ 2
 E

is the lateral mean squared displacement (MSD).-20 -10 0 10 20
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Fig. 10. Lateral trajectories of the center of mass of the lipid molecules over 150 ns
(A) for the normal thymocyte plasma membrane and (B) for the leukemic GRSL cell
plasma membrane. Only one lipid molecule was chosen among the molecules of the
same species of lipid. Red, PC; blue, PE; purple, PS; cyan, PI; yellow, lysophospholipids;
green, SM; and black, cholesterol. Note that the lipid molecules are not shown in their
actual locations here but are drawn such that their trajectories are clear in the ﬁgure.This coefﬁcient functions as a measure of the translational ﬂuidity.
Fig. 11 shows the calculated ΔR
→
xy tð Þ 2
 E

. Fig. 11A presents the mean
squared displacement averaged over all lipid molecules regardless of
species, Fig. 11B shows the phospholipid molecules only, and Fig. 11C
shows cholesterol molecules. After the ﬁrst 10 ns, the functions plotted
in the ﬁgures were all linear, indicating self-diffusion in the ﬂuid phase.
The lateral self-diffusion coefﬁcient DL can be evaluated from the slopes
of these lines.
Table 3 lists the values of the calculated DL. The table shows that the
total self-diffusion coefﬁcient was 1.8 times greater in leukemic cell
membranes than in normal cell membranes. Regarding the phospholip-
id molecules, DL in leukemic cell membranes was 1.7 times greater than
that observed in normal cell membranes. Furthermore, an increase in DL
was found for cholesterol molecules in leukemic cell membranes: it was
double that observed for normal cell membranes. These results clearly
show that leukemic cell membranes are more ﬂuid than normal cell
membranes with respect to the translational degrees of freedom.
Experimentally, DL for the cholesterol–lipid(s) binary and ternary
model bilayers – such as DMPC, DPPC, and POPCwith various cholester-
ol contents – may be measured by pulsed ﬁeld gradient (pfg) NMR
[55–61], ﬂuorescence correlation spectroscopy (FCS) [62–64], and ﬂuo-
rescence recovery after photobleaching (FRAP) [65]. These experiments
commonly show that DL is of the order of 10−14−10−13 m2 s−1 for0 10 20 30 40 50
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Fig. 11. Lateral mean square displacement averaged over all lipid species (panel A),
over phospholipids only (panel B), and over cholesterol only (panel C). Solid line, nor-
mal thymocyte plasma membrane; dotted line, leukemic GRSL cell plasma membrane.
Error bars represent the standard errors estimated from six independent leaﬂets.
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content above 60%, 10−12 m2 s−1 for mixtures with a cholesterol con-
tent below 60% in the ﬂuid phase, and 10−11 m2 s−1 for pure bilayers
in the liquid crystalline phase and mixtures with very low cholesterol
content in the liquid disordered phase at physiological temperature
(~310 K).
Our calculated DL for both normal and leukemic cell membranes
corresponds to the second case. As the experimental mixtures in the
second case were in the ﬂuid phase, we may consider our calculations
for both leukemic and normal cell membranes to correspond to the
ﬂuid phase.
Furthermore, the increase in DL found for leukemic cell membranes,
which have a lower cholesterol content than do normal cell membranes,
may be explained well by the cholesterol effect [1,3,4]. The larger DL
found for cholesterol compared with phospholipids shown in Table 3
was also experimentally observed by pfg-NMR for DPPCd62 -cholesterol
binary systems in the ﬂuid phase at 308 K [58], which is caused by the
smaller mass of the cholesterol molecule compared with the phospho-
lipid molecules.
3.2.2. Rotation
As stated above, membrane ﬂuidity with respect to the rotational
degrees of freedommay be evaluated by two kinds of rotational relaxa-
tions. The ﬁrst one relates to the rotation of a whole lipid molecule
around its long axis, and the second relates to the wobbling motion.
We chose the cholesterol molecule as a probe molecule to measure
the rotational relaxation as it is incorporated in a hydrophobic core of
the lipid bilayer, like the DPH used in previous ﬂuorescence depolariza-
tion measurements of the microviscosity and SDPH of thymocyte plasma
membranes [19,20,16,21]. Rotational relaxation around the long axis
may be evaluated by the time autocorrelation function of a vector normal
to the long axis:
Crot tð Þ ¼ cosϕ tð Þh i; ð5Þ
where ϕ(t) is the angle swept out by the vector from t=0 to t=t. Here,
we chose the two-dimensional vector projected on the x–y plane that
connects two carbon atoms in the cholesterol molecule—carbons 8 and
11 (see Fig. 12), because they are a part of the rigid ring skeleton of the
molecule. It is easily shown that bcos ϕ(t)>=0 when t→∞ in two-
dimensional polar coordinates.
The calculated Crot(t) is presented in Fig. 12, where the average
was taken over six independent leaﬂets. Another choice of vector be-
tween carbon atoms in the steroid ring gave similar functions to those
shown in the ﬁgure, indicating that the steroid ring behaves like a
rigid ellipsoid in the bilayer. This supports the validity of the present
choice of cholesterol as the probe molecule.
The calculated functions for the normal and leukemic cell mem-
branes shown in Fig. 12 commonly showed almost exponential decay
at large t. The function calculated for leukemic cell membranes decayed
more rapidly than that calculated for normal cell membranes.Table 3
Calculated lateral self-diffusion coefﬁcient of the lipids. The coefﬁcient was evaluated
from the slope of the line ﬁtted to the mean squared displacements ΔR
→
xy tð Þ 2
 averaged
over three independent trajectories. The error is the weighted least squares ﬁtting
error.
DL/10−12m2 s−1
Normal membrane Leukemic membrane
Total 3.3±0.1 5.9±0.1
Phospholipids 3.0±0.1 5.0±0.1
Lysophospholipids 4.6±0.1 9.2±0.1
Cholesterol 3.7±0.1 7.4±0.1To perform a quantitative comparison between the two types of
membranes, the correlation time of Crot(t), deﬁned by τrot=∫0∞Crot(t)
dt, was estimated.
Here, τrot was divided into two parts: the short time part τrotshort,
and the long time part τrotlong. The τrotshort valuewas obtained via numerical
integration of Crot(t) from t=0 to 5 ns, whereas τrotlong was obtained via
analytical integration of Crot(t) from t=5 ns to inﬁnity by approx-
imating it to α exp(−t/β), where α and β are the ﬁtting parameters.
Table 4 lists the estimated correlation times. The correlation time
τrot for leukemic cell membranes was 30%, which was shorter than
that calculated for normal cell membranes. This quantitatively indicates
that the rotation of the cholesterol molecules is enhanced by canceration.
Thus, leukemic cell membranes had a higher ﬂuidity than did normal cell
membranes in terms of the rotational degree of freedom of a cholesterol
molecule about its axis. It should be noted that both τrotshort and τrotlong were
smaller for leukemic cell membranes than for normal cell membranes,
implying that the increase in the membrane ﬂuidity stems from both
short time and long time relaxations.
Relaxation of the wobbling motion was analyzed to obtain another
measure of membrane ﬂuidity. The rate of wobbling relaxation may
be evaluated by the following time autocorrelation function:
Cwob tð Þ ¼
1
2
3 cos2θ tð Þ−1
D E
; ð6Þ
where θ(t) is the angle swept out by a molecule's long axis from t=
0 to t= t. The molecule's long axis was deﬁned as the eigenvector of
the inertia tensor with the smallest eigenvalue, where the molecule
was considered to be a rigid body. Fig. 13A and B shows the calculated
Cwob(t) for normal and leukemic cell membranes, respectively, where
the average was taken over six independent leaﬂets.
The calculated correlation function may be related more directly to
the ﬂuorescence depolarization measurement. Unlike Crot(t), Cwob(t) did
not converge to zero. This was because the simulation time, ~200 ns,
was too short to allowobservation of theﬂip-ﬂopmotion of the lipidmol-
ecules. This was similar to the case of the ﬂuorescence depolarization
measurement, in which the SDPH value did not converge to zero.
We assumed that the wobbling of the lipid molecules in the mem-
branes was constrained in space and followed a motion like that of a0.01
0 2 4 6 8 10
t / ns
8
Fig. 12. Rotational autocorrelation function of cholesterol based on the vector connecting
cholesterol carbons 8 and 11. Solid line, normal thymocyte plasma membrane; dotted
line, leukemic GRSL cell plasma membrane. Error bars represent the standard errors esti-
mated from six independent leaﬂets.
Table 4
Calculated rotational relaxation time τrot of cholesterol. For τrotshort, τrotlong, α, and β, see the
text in Section 3.2.2. The errors for α and β are weighted least squares ﬁtting errors.
Those for τrot, τrotshort, and τrotlong are propagated errors.
Normal membrane Leukemic membrane
τrot/ns 3.3±0.1 2.3±0.1
τrotshort/ns 2.2±0.1 1.7±0.1
τrotlong/ns 1.1±0.1 0.6±0.1
α 0.64±0.03 0.43±0.03
β/ns 4.3±0.1 3.8±0.1
1268 Y. Andoh et al. / Biochimica et Biophysica Acta 1828 (2013) 1259–1270conical pendulum [22]. Thus, the correlation function Cwob(t) must be
of the form:
Cwob tð Þ ¼ 1−C∞ð ÞC′wob tð Þ þ C∞; ð7Þ
where C∞ is a constant such that C′wob(t) converges to zero. Then, C∞
must be the same as the squared order parameter of the molecule's
long axis [22,66], {1/2b3 cos 2θtilt−1>}2, where θtilt is the tilt angle
between the molecule's long axis and the z-axis. The effective relaxa-
tion time of C′wob(t) was also evaluated by integrating the function
τwob=∫0∞C′wob(t)dt, as C′wob(t) could not be described by a single expo-
nential function, as was the case for the experimental time-dependent
ﬂuorescent anisotropy r(t) [22,66].
The calculated C∞ value is listed in Table 5, together with the τwob
value. The table shows that the calculated C∞ value averaged over all
lipid molecules was greater for normal cell membranes than for leuke-
mic cell membranes: 0.79 versus 0.62. This is in good agreement with0.5
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Fig. 13. Wobbling autocorrelation function for the normal thymocyte plasma mem-
brane (panel A) and the leukemic GRSL cell plasma membrane (panel B). Solid line,
total lipids; broken line, phospholipids; dot–dashed line, lysophospholipids; dotted
line, cholesterol. The asymptotic value of the autocorrelation function C∞ is listed in
Table 5. Error bars represent the standard errors estimated from six independent
leaﬂets.the ﬂuorescence depolarization measurement, in which the measured
SDPH value decreased from 0.71 for normal thymocyte membranes to
0.62 for leukemic cell membranes [21], although the probe molecules
were different. The lower C∞ and SDPH values for leukemic cell mem-
branes represent a more disordered alignment of the lipid molecules'
long axes. This is a static aspect of the ﬂuidity of the membranes.
By contrast, the calculated τwob averaged over phospholipids and
lysophospholipids in leukemic cell membranes was smaller than
that found in normal cell membranes. The decrease in τwob clearly
shows that the membrane ﬂuidity indicated by the wobbling motion
also increases in leukemic cell membranes. In contrast to what was
observed for phospholipids, the calculated τwob for cholesterol was
almost the same for the two types of membranes. However, this does
not mean that the “wobbling ﬂuidity” of cholesterol is the same for the
two membranes, because the smaller C∞ found in leukemic cell mem-
branes implies that the cholesterol molecules wobble in a circular cone
with a wider opening angle than the corresponding cone for normal
cell membranes [22,66]. Evenwhen τwobwas the same for the twomem-
branes, as stated above, the cholesterol molecules in leukemic cell mem-
branes (which wobbled in cones with wider opening angles) wobbled
more rapidly than did those in normal cell membranes (which wobbled
in cones with narrower opening angles). Thus, the wobbling ﬂuidity of
the cholesterol was greater in leukemic cell membranes than in normal
cell membranes. This will be discussed in detail elsewhere.4. Summary
A series ofMD calculations have been performed for normal and leu-
kemic thymocyte plasma membranes using their experimentally deter-
mined lipid compositions. The calculated physicochemical properties of
normal and leukemic cell membranes showed a good correspondence
with the experimental properties of the real cell membranes. The calcu-
lations clearly showed that leukemic cell membranes had a larger area
than normal cell membranes. Furthermore, it was remarkable that the
calculated isothermal area compressibility for leukemic cell membranes
was double that for normalmembranes. Leukemic cellmembraneswere
thus bulkier and softer in the lateral direction than normal cell mem-
branes. The two-dimensional lateral radial distribution function of the
center of mass of lipids indicated a less structured membrane for leuke-
mic cells than for normal cells: the ﬁrst peak was lower and broader for
the former, and the second and third peaks were not clear, whereas the
ﬁrst peak was higher and sharper for the latter, with clear second and
third peaks. The calculations also showed a smaller order parameter
for the acyl chains of the lipid molecules for leukemic cell membranes
compared with normal cell membranes. A detailed analysis showed
that the conformational order of the acyl chains of the phospholipid
molecules was increased by cholesterol. The cholesterol molecule en-
hanced the level of order of the surrounding phospholipid molecules
not only near the steroid ring but also around the tail chains. Our results
imply that leukemic membranes, which have a wider area and lower
level of structural order than normal membranes, must have greater
permeability than normal membranes, although this should be demon-
strated explicitly in a further study.Table 5
Asymptotic values C∞ of Cwob(t) at large t, and the calculated wobble correlation time
τwob. Error bars for C∞ represent the standard errors estimated from six independent
leaﬂets. Error bars for τwob represent propagated errors.
C∞ τwob/ns
Normal
membrane
Leukemic
membrane
Normal
membrane
Leukemic
membrane
Total 0.79±0.01 0.62±0.01 4.6±0.2 4.7±0.1
Phospholipids 0.80±0.01 0.61±0.01 6.8±0.1 5.5±0.1
Lysophospholipids 0.73±0.01 0.64±0.01 6.8±0.2 4.5±0.1
Cholesterol 0.78±0.01 0.63±0.01 1.8±0.3 2.1±0.1
1269Y. Andoh et al. / Biochimica et Biophysica Acta 1828 (2013) 1259–1270The ﬂuidity of the membranes was investigated from two points of
view: the translational and rotational degrees of freedom. Regarding
translation, the calculated lateral self-diffusion coefﬁcient of lipids
in leukemic cell membranes was almost double that in normal cell
membranes. Furthermore, lipid molecules' rotation about their long
axes together with their wobbling motion indicated a rapid relaxation
in leukemic cell membranes compared with normal cell membranes.
The present calculations thus demonstrated quantitatively that leuke-
mic cell membranes are more ﬂuid than normal cell membranes in
the case of thymocytes, which is in good agreementwith the qualitative
results obtained from ﬂuorescence depolarization measurements.
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